Continuous field observations of water temperature, conductivity, turbidity and flow velocity were performed at a central point of Lake Shinji, a shallow lagoon in Japan, in summer for a month. Observational results revealed that turbidity in the overlying water showed a distinct diel variation, independent on the existence of the stratification. As wind-induced wave diurnally developed when the atmosphere became unstable in the afternoon, and as wind-induced wave propagated to the bottom layer even under the stratified condition in the water column, diurnal fluctuation of resuspension was possible under stratified conditions. Furthermore, experimental results showed that sediment resuspension enhanced phosphate release rate from the sediment under anoxic condition. As anoxic water often develops under stratified conditions, these results strongly indicate that the anoxic resuspension caused by the wind-induced wave enhances phosphate release from the sediment.
Introduction
In a closed water body, inflow and outflow fluxes through the river, material fluxes at the air-water and sediment-water interfaces are important boundary conditions that regulate the material balances. Sediment resuspension processes directry control material fluxes across the sediment-water interface, and substantially affect water quality of the overlying water (Sasaki et al., 1995 1 and Li et al., 2000 2 ). However, long term observations of sediment resuspension in situ are still limited. Therefore, physical mechanism or environmental conditions for sediment resuspension and its relation with nutrient release from the sediment are not fully understood yet. In this study, continuous field observations of turbidity, as well as water temperature, conductivity and flow velocity were performed at a central point of Lake Shinji, a shallow lagoon in Japan, in summer of 1996 for a month. Moreover, laboratory experiments were also conducted to investigate the effect of resuspension on phosphate release rate from the sediment.
Field Observation

Observational Site and Methods
Lake Shinji is a shallow eutrophic lagoon in Japan (79.2 km 2 in surface area, 4.5 m in mean depth). Main inflow river is the Hii River, which discharges from the western side of Lake Shinji. This lake is indirectly connected to the Japan Sea through the Ohashi River, Lake Nakaumi and the Sakai Channel. Such topographical conditions make the stable stratification in Lake Nakaumi through the year (Godo et al., 2001 3 ), but does not in Lake Shinji. Therefore, in Lake Shinji, water quality changes frequently due to stratification-destartification cycling (Inoue et al., 1998 4 ). This stratificationdestartification cycling closely relates with the sea-level rise in Japan Sea due to the passage of an atmospheric low pressure (Ishitobi et al., 1993 5 ). The thickness of the saline water layer is typically around 50cm, and the continuation of the stratification makes the bottom layer anoxic. It means the importance of understanding the precise vertical water quality structure in the bottom layer and its variations. Field observation was performed at the central point of Lake Shinji (Figure 1 ). Water depth was about 5.5m in this observation term.
Automatic observation instruments for water temperature and conductivity (Alec Electronics Co., Ltd., MDS-CT) were positioned at 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 m above the sediment surface to determine the detailed density stratification profile. Three electromagnetic velocimeters (Alec Electronics Co., Ltd., ACM-8M) and three turbidity meters (Alec Electronics Co., Ltd., MTB-16K) were positioned at 0.2, 0.4 and 1.0m above the sediment surface, respectively ( Figure 2 ). The observation period was from July 6 to July 31, 1996. Sampling intervals were 20 minutes. Wind direction and wind velocity data were provided from the Matsue Meteorological Observatory.
Observational Results and Discussion
As the observation was performed during the latter period of the rainy season of Japan, it rained almost every day except July 16, 17 and 18. The time series of density at 20, 60 and 100cm above the sediment surface are shown in Figure 3 . The saline water intrusions from Lake Nakaumi were observed in July 14, 20, 29, and strong stratification was observed from July 14 until 20 ( Figure 3 ). Due to the approach of a typhoon, the meteorologically induced saline water intrusion was observed in July 20. Following the intrusion, rapid vertical mixing and turbidity increase at 20 cm above the sediment surface were observed within the same date.
Time series of turbidity at 20 cm above the sediment surface and wind velocity from July 9 to 20 are shown in Figure 4 . From Figure 4 , we can see diel variations of turbidity and wind velocity. Namely, turbidity in the bottom layer increased when the wind velocity increased in the afternoon and turbidity rapidly decreased in calm nighttime. These diel variations were observed not only under well-mixed conditions from July 9 to 13, but also under stratified conditions, from July 14 to 19 (see Figure 4) .
In order to compare such variations under well-mixed condition with those under stratified condition, flow velocity variations at 20 cm above the sediment surface in July 13 and 16 are shown in Figure 5 . Almost the same maximum wind velocity and wind direction was observed in these days. Mean flow velocity was about 2 cm s -1 , and wave period was about 8 seconds during the first several hours for both days. As wind began to blow, mean flow velocity became larger, due to the setup effect, and wave period became shorter in the early stage of sediment resuspension (1500 hrs on July 13 and 1130 hrs on July 16, respectively). Moreover, mean flow velocity increased to about 8 cm s -1 , and wave period returned to 8 seconds when turbidity maximum was observed (1700 hrs on July 13 and July 16).
These facts showed that, in Lake Shinji, wind-induced waves whirled up the sediment particles in the day time, and the sediment particles rapidly settled down in calm nighttime. This phenomenon was commonly observed not only under well-mixed conditions but also under stratified, anoxic conditions. In general, nutrient release rate is enhanced under anoxic conditions even gentle physical disturbance without any resuspension (Nakamura et al., 1996 6 ). Therefore, sediment resuspension under 
Laboratory Experiments with a Continuous Flow System with Intact Sediment Cores
In order to evaluate effects of resuspsnsion on phosphate release rate from sediments, we conducted laboratory experiments with a continuous flow system. 
Methods
The experimental equipment is shown in Figure 6 . In this system, water in a feeding tank is supplied to the cores at a constant discharge rate by using a peristaltic pump set (Technicon, Type II) installed in the downstream. Input and output DO and nutrient ). Intact sediment cores were sampled at the central point of Lake Shinji, by using plexiglas cores (they are 85 mm in diameter, 50 cm in height). They were immediately transported to the laboratory and installed in the water bath to keep water temperature 25 . One reference core, which was half filled with glass beads, was also prepared. The overlying water, sampled near the sediment core collection site, was used as the feeding water, after the filtration by a glass fiber filter (Whatman GF/C). DO concentration of fed water was controlled by N 2 and O 2 gasses bubbling. Overlying water in the sample core was agitated by a plastic propeller, whose rotation speed was controlled by a speed control motor (ORIENTAL MOTOR, PSH425-401P), positioned about 11cm above the sediment-water interface, and the flow velocity was controlled by changing their rotation speed. In RUN1, the rotation speed was 77 r.p.m., which is equivalent to 0.20 cm s -1 in the shear velocity. The sediment particle was not visibly suspended. DO concentration in the feeding water was measured at about one hour intervals, and that in the outlet water was measured at about 10 hours intervals. Following RUN1, RUN2 was commenced, in which the rotation speed was enhanced up to 161 r.p.m., which corresponds to 0.41 cm s -1 in the shear velocity. In RUN2, the sediment particle was visibly suspended. in CORE5, and about 0.7 mg l -1 in CORE6 and phosphate concentration rapidly increased up to be 30-45 µg l -1 . These results implied the enhancement effect of sediment resuspension on phosphate release rate.
Results and Discussion
In the continuous flow system, material balance of solutes in the overlying water is formulated as the following equation,
where V is the volume of overlying water in the cores, Q is the discharge rate, C in and C out are the concentrations at inlet and outlet, respectively, A is the surface area of the sediment, and Flux is the mass flux at the sediment-water interface. From Eq. (1) 
where PRR is phosphate release rate and C O (z= ) is the DO concentration in bulk water. From Eq. (2), the enhancement effect of DO concentration decrease was estimated to be 7.4 mg m -2 day -1 increase in phosphate release rate. Therefore, the rest of increment of phosphate release rate (4.2 mg m -2 day -1 ) was considered as the increment due to sediment resuspension. These results revealed that sediment resuspension suppresses DO concentration in the overlying water and substantially enhances phosphate release rate under low DO concentration condition. Effect of sediment resuspension on phosphate release has not been fully understood. Although resuspension induces entrainment of pore water with high nutrient concentrations, it does not necessarily lead to enhance phosphate concentration. The adsorption-desorption processes of the nutrients to and from the suspended sediment particles are responsible for the phenomena. Sasaki et al. (1995) 1 referred to the possibility of a decrease in the phosphate concentration in the water column under oxic conditions due to resuspension of the sediment. Moreover, Li et al. (2000) 2 investigated the effect of phosphate adsorption by the suspended sediment particles using laboratory experiments. It must be quite important to quantify the process concerning the suspended sediment particles, however, further researches are needed for its quantitative discussions.
Conclusions
A continuous field observation of turbidity, flow velocity, water temperature and conductivity was performed in summer in a shallow, brackish lake, Lake Shinji, Japan. As results, wind-induced waves whirled up the sediment particles in the daytime, and this resuspension occurred even under stratified conditions. In addition, the laboratory experiment was performed to study the effect of sediment resuspension on phosphate release rate. As experimental results, sediment resuspension induced a slight decrease of the DO concentration and a substantial increase of the phosphate release rate from the sediment. These results revealed that sediment resuspension enhances phosphate release rate by one order magnitude under low DO concentration condition. As stratification often causes anoxia in the bottom layer, sediment resuspention under the stratified conditions may play a predominant role in nutrients release from the sediment in a shallow lake.
